**Core tip:** 3T3-L1 mature adipocytes are widely used as a cellular model of obesity. We treated 3T3-L1 adipocytes with tumor necrosis factor-α and/or hypoxia for 24 h to induce insulin resistance. Matrix metalloproteinase-11 (*MMP-11*) expression levels were upregulated in insulin resistant adipocytes, as compared to untreated control cells. This observation was confirmed *in vivo*, in white adipose tissue from insulin-resistant obese mice. Therefore, our results suggest that *MMP-11* could play a role in the dysfunction of adipose tissue, which leads to insulin resistance and type 2 diabetes. Further work is necessary to understand better the functional role of *MMP-11* in this context.

INTRODUCTION
============

Insulin resistance is a pathological condition in which insulin target tissues fail to properly respond to insulin. It is more frequently associated with overweight and obesity, and constitutes a prominent feature of type 2 diabetes (T2D) and the metabolic syndrome\[[@B1],[@B2]\]. In the past decades, research findings have substantially improved our understanding of the pathophysiology of insulin resistance, thanks to the identification of new genetic defects and molecular events that underlie the abnormalities that occur in both peripheral insulin action and insulin secretion\[[@B3]-[@B7]\]. Particular interest in this field has been devoted to the investigation of obesity, as it is considered the major risk factor for insulin resistance, which leads to the development of T2D and other obesity-associated insulin resistant states. Therefore, because of the parallel increasing prevalence of obesity and metabolic diseases, much research has been recently focused on the role of adipose tissue, previously considered as a fat storage tissue only. Evidence from the last years has established the involvement of adipose tissue in the production of hormones and numerous other biologically active molecules collectively called "adipokines" that are implicated in metabolic and inflammatory pathways\[[@B8]\]. Based on the new view of adipose tissue as an endocrine organ, new insights have been gained over the last years into the mechanisms linking adipose tissue to insulin resistance, although the entire sequelae of events that initially trigger adipose tissue dysfunction still remain poorly defined.

The *matrix metalloproteinase-11* (*MMP-11*; also known as stromelysin-3) is a proteinase enzyme that belongs to the family of metalloproteinases, and is involved in remodeling and degradation of extracellular matrix (ECM). Unlike other MMPs that are secreted in an inactive form to be then activated extracellularly, *MMP-11* is maturated in the Golgi's apparatus and secreted in an active form\[[@B9]\]. *MMP-11* is implicated in tissue remodeling during embryogenesis, tissue involution and metamorphosis, and in biological process of tissue repair after trauma\[[@B10]\]. In addition, as shown in *in vivo* studies, *MMP-11* plays a role in tumor development and progression. In particular, cancer cells, by inducing the adjacent fat cells to express *MMP-11*, may contribute to modify the ECM, thereby favoring cancer cell migration into the connective tissue, during the initial step of the invasive process\[[@B11]\]. In this regard, the involvement of *MMP-11* in certain types of cancers (*i.e*., breast, colorectal and lung) has been confirmed in clinical studies, in which it has also been established that higher expression of *MMP-11* correlates with tumor aggressiveness and lower survival rate among affected patients\[[@B12]\]. However, although the numerous studies carried out up to date, both *in vitro* and *in vivo*, the precise molecular target(s) of *MMP-11* and their specific role in normal and pathological conditions have not yet been clarified. It has been demonstrated that active *MMP-11* is primarily responsible for the digestion of collagen IV and VI, fibronectin, alpha 2-macroglobulin and insulin-like grow factor binding protein 1 (IGFBP1)\[[@B13],[@B14]\]. However, all these substrates are not specific for this enzyme as they can be also cleaved by other MMPs.

In the present study, we investigated the expression of *MMP-11* in an *in vitro* model of insulin resistance, and in a murine diet-induced model of obesity.

MATERIALS AND METHODS
=====================

Cell culture
------------

3T3-L1 mouse preadipocytes were cultured in Dulbecco's modified Eagle's medium (DMEM) supplied with 10% fetal bovine serum, 100 U/mL penicillin and 100 μg/mL streptomycin and maintained at 37 °C in 5% CO~2~ humidified atmosphere. As soon as the confluence was reached, cells were induced to differentiate as reported previously\[[@B15],[@B16]\]. In brief, the differentiation process was started through the addition of 500 μmol/L of 3-isobutyl-1-methylxanthine (IBMX), 1 μmol/L of dexamethasone and 1 μg/mL of insulin. The cells were incubated for three days in the differentiation medium, followed by 2 d of treatment with DMEM containing 1 μg/mL insulin. The medium was replaced every two days and experiments were performed using day 8 to day 12 mature adipocytes.

Induction of insulin resistance in vitro
----------------------------------------

To induce insulin resistance, mature 3T3-L1 adipocytes were treated with 2.5 nmol/L tumor necrosis factor (TNF)-α, and simultaneously incubated in hypoxic conditions for 24 h\[[@B17]\]. Before inducing insulin resistance, 3T3-L1 adipocytes were cultured in DMEM at low glucose concentration (1 g/L) and 0.5% BSA, plus rh-TNF-α, and put in the hypoxic chamber (1% O~2~, 5% CO~2~) at 37 °C for 24 h. Control cells were incubated in the same conditions, but in normal atmosphere (21% O~2~).

Total RNA isolation and reverse transcription
---------------------------------------------

Total RNA was extracted from white adipose tissue (WAT) and 3T3-L1 cells, using Trizol reagent (Invitrogen), according to the manufacturer's instructions\[[@B18]\]. RNA concentration was measured by a NanoDrop spectrophotometer (Thermo Fisher Scientific, Inc., Waltham, MA, United States), and its quality confirmed on agarose gel. One microgram of RNA sample was used for cDNA synthesis, using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems), in the presence of the following reagents: 10 × RT Buffer, 100 mmol/L dNTP mix, 10 × RT Random Primers and 0.50 U/μL Multiscribe Reverse Transcriptase. The cDNA thermal-profile was 25 °C for 10 min, 37 °C for 120 min and the enzyme was inactivated at 85 °C for 5 min.

Quantitative PCR
----------------

Relative quantification was performed to measure *MMP-11* expression, using a real-time thermocycler (Eppendorf Mastercycler ep realplex ES). One microliter of cDNA and 0.2 μmol/L of each primers were mixed with SYBR Green RealMasterMix (Eppendorf). S9 and 18S were used as internal reference controls. Primers were designed for mouse *MMP-11*, S9 and 18S, using the Primer3web version 4.0\[[@B19],[@B20]\], according to sequences from the GeneBank database. Amplification conditions were: 2 min at 95 °C and three step-cycle of 95 °C for 15 s, 58 °C for 20 s and 68 °C for 20 s, for a total of 40 cycles.

Western blot
------------

Cells were lysed as described previously\[[@B21]\]. Cellular protein (20 μg) was resolved on 10% SDS-PAGE, transferred to PVDF membrane (Immobilon-PSQ 0.2 μm Millipore ISEQ00010), blotted for 2 h with blocking solution (5% non-fat dry milk), then incubated overnight at 4 °C with primary antibody against *MMP-11* (Santa Cruz sc8836 dilution 1:1000), followed by incubation for 1 h at room temperature with a secondary antibody linked to horseradish peroxidase. Immune complexes were visualized by enhanced chemiluminescence (ECL, Amersham).

Animals
-------

Five week-old male C57BL/6J mice were housed in individual cages and maintained on 12 h light-dark cycle with controlled temperature (25 °C) and humidity (50% ± 5%), and with free access to water. To induce obesity, ten mice were fed ad libitum with HFD containing 60% calories from fat, 20% from carbohydrates, and 20% from protein for 15 wk time period. Six additional mice (control group) were fed for the same time (15 wk) with low fat diet (LFD) containing 10% calories from fat, 70% from carboydrates, and 20% from protein. Intraperitoneal insulin tolerance test (IITT) was performed following previously described procedures\[[@B5],[@B22]\], using human insulin (Human Actrapid, Novo Nordisk), 0.25 U/kg body weight, then measuring blood glucose levels at 0, 15, 30, 45, 60 min after insulin injection. At the end of 15 wk, mice were euthanized by cervical dislocation, epididimal WAT tissue rapidly removed and frozen in liquid nitrogen until analysis.

All animal procedures were performed according to the guidelines of the Charité universitätsmedizin Berlin and were approved by the Landsamt für Gesundheit und Soziales (Berlin, Germany) for the use of laboratory animals and according to the current version of the German Law on protection of animals for scientific purposes.

Statistical analysis
--------------------

All calculations were analyzed with GraphPad Prism Software. Mean values were compared with *t*-test. A *P* value \< 0.05 (two tailed) was considered significant.

RESULTS
=======

MMP-11 expression in 3T3-L1 cells
---------------------------------

We first examined the expression of *MMP-11* during 3T3-L1 adipogenesis. Total RNA was prepared at different stage of adipocyte cell differentiation and *MMP-11* mRNA expression levels were measured. As shown in Figure [1](#F1){ref-type="fig"}, *MMP-11* mRNA abundance was low in 3T3-L1 pre-adipocytes, increased in confluent culture cells, reaching maximum expression in mature 3T3-L1 adipocytes (Figure [1](#F1){ref-type="fig"}).

![Expression of matrix metalloproteinase-11 during adipocyte differentiation in 3T3-L1 cells. Total RNA was extracted from 3T3-L1 cells at preadipocyte and confluent (day 0) stages, and after induction of differentiation (days 3, 5, 7 and 9). *MMP-11* mRNA expression was measured by RT-PCR. Results are the means ± SE of three independent experiments, each performed in triplicate. ^a^*P* \< 0.05 *vs* undifferentiated preadipocytes. *MMP-11*: Matrix metalloproteinase-11.](WJD-8-422-g001){#F1}

MMP-11 expression in in vitro insulin resistance
------------------------------------------------

To induce insulin resistance *in vitro*, fully differentiated 3T3-L1 adipocytes were treated with TNF-α (2.5 nmol/L) and at the same time incubated in hypoxia (1% O~2~) for 24 h. Then, *MMP-11* mRNA and protein expression levels were measured. As shown in Figure [2A](#F2){ref-type="fig"}, a clear increase in both mRNA and protein expression of the MMP-11 proteinase was observed in insulin resistant 3T3-L1 cells, as compared to normal, non-insulin resistant 3T3-L1 adipocytes. To better understand the effect of each treatment on *MMP-11* expression, we carried out separate experiments in which *MMP-11* mRNA levels were measured in fully differentiated 3T3-L1 adipocytes treated with either 2.5 nmol/L of TNF-α for 24 h, or subjected to 24 h hypoxia alone. As shown in Figure [2B](#F2){ref-type="fig"}, *MMP-11* mRNA abundance was approximately four-fold higher in TNF-α treated cells compared to untreated 3T3-L1 adipocytes, thereby indicating that upregulation of *MMP-11* expression can be at least in part regulated by the pro-inflammatory TNF-α molecule. On the other hand, hypoxia alone induced a slight but significant increase of *MMP-11* mRNA expression compared to normoxia (Figure [2C](#F2){ref-type="fig"}). A time-course study of *MMP-11* mRNA expression, using TNF-α alone over a 48 h period, showed that *MMP-11* mRNA levels were significantly increased already after 4 h and this increase was maintained thereafter, reaching a plateau level at 24 h of exposure (Figure [2D](#F2){ref-type="fig"}).

![Matrix metalloproteinase-11 expression in insulin-resistant 3T3-L1 adipocytes. A: Fully differentiated 3T3-L1 adipocytes were co-treated with TNF-α (2.5 nmol/L) and hpoxia (O~2~ 1%) for 24 h, and *MMP-11* mRNA was measure by RT-PCR. Results are the means ± SE of three independent experiments, each in triplicate. ^b^*P* \< 0.01 *vs* untreated (control) cells. A representative western blot (WB) of *MMP-11* is shown for each experimental condition. Lanes: 1 and 2, *MMP-11* protein expression in untreated 3T3-L1 cells (control); 3 and 4, *MMP-11* protein expression in insulin-resistant 3T3-L1 cells. Tubulin (Tub), control of protein loading; B: 3T3-L1 adipocytes were treated with TNF-α alone, at a final concentration of 2.5 nmol/L, and *MMP-11* mRNA levels were measured 24 h later by RT-PCR. Results are the means ± SE from three independent experiments. ^b^*P* \< 0.01 *vs* untreated control cells; C: 3T3-L1 adipocytes were incubated in normoxic (control) or hypoxic condition (O~2~ 1%) for 24 h, total RNA was extracted and the expression of *MMP-11* was determined by RT-PCR. Results are the means ± SE from three independent experiments in triplicate. ^b^*P* \< 0.01 *vs* control; D: Time-course of *MMP-11* mRNA expression in differentiated 3T3-L1 adipocytes, in the presence of TNF-α (2.5 nmol/L) alone. *MMP-11* mRNA was measured by RT-PCR at the indicated time points, after TNF-α treatment. Results are the means ± SE from three independent experiments, each in triplicate. ^b^*P* \< 0.01 *vs* time 0. *MMP-11*: Matrix metalloproteinase-11.](WJD-8-422-g002){#F2}

MMP-11 expression in in vivo insulin resistance
-----------------------------------------------

In attempt to validate the results obtained *in vitro*, in insulin-resistant 3T3-L1 adipocytes, mRNA expression studies were carried out also *in vivo*, in a mouse model of insulin resistance\[[@B23],[@B24]\]. To this end, ten male mice were fed with HFD for 15 wk, whereas six other mice, which were used as controls, were subjected to normal chow diet, for the same time period. At the end of the diet treatment, mice fed with HFD were obese relative to control mice (43.6 ± 2.1 g *vs* 27.5 ± 1.7 g, respectively; *P* \< 170829E-06), and developed insulin resistance as assessed by IITT (Figure [3A](#F3){ref-type="fig"}). Gene expression analysis to evaluate the levels of *MMP-11* was then performed in both groups of mice. As shown in Figure [3B](#F3){ref-type="fig"}, *MMP-11* mRNA was significantly higher in WAT from diet-induced obese mice than in WAT from lean mice, indicating that hyperexpression of *MMP-11* may also occur *in vivo*, in the whole animal, after induction of an insulin-resistant state, thereby suggesting that abnormal activation of *MMP-11* may have direct consequences on the molecular mechanism(s) related to adipocyte dysfunction. In this regard, the expression profile of two major fibrosis marker genes, collagen type VI alpha 3 (*Col6α3*) and fibroblast-specific protein 1 (*FSP-1*), was also measured in parallel experiments. As shown in Figure [3C](#F3){ref-type="fig"}, both these markers were significantly upregulated in WAT from obese mice compared to lean animals (Figure [3C](#F3){ref-type="fig"}), highlighting the possibility, in our obese mouse model, for an ECM dysregulation that would support the hypothesis that this ECM remodeling could indeed exert an adverse effect on adipocyte functions.

![Intraperitoneal insulin tolerance test and the expression of matrix metalloproteinase-11, collagen type VI alpha 3 and fibroblast-specific protein 1 in mice under different dietary conditions. A: IITT. Insulin tolerance was assessed in 12 h fasted mice, intraperitoneally injected with insulin (0.25 U/kg body weight). LFD (*n* = 6); HFD (*n* = 10). ^b^*P* \< 0.01 *vs* LFD; B: MMP-11, *Col6α3* and *FSP-1* mRNA expression in WAT of mice fed a low-fat (LFD) or high-fat (HFD) diet (*n* = 6 per each group). Results are the means ± SE of three independent measurements from each animal. ^d^*P* \< 0.001 *vs* LFD, for each group. MMP-11: Matrix metalloproteinase-11; IITT: Intraperitoneal insulin tolerance test; *Col6α3*: Collagen type VI alpha 3; *FSP-1*: Fibroblast-specific protein 1.](WJD-8-422-g003){#F3}

DISCUSSION
==========

Adipose tissue is surrounded by ECM elements that provide the right support for adipocyte cell growth and expansion, and maintenance of adipocyte specific functions. Alterations in the organization and flexibility of the ECM as a cause of adipose tissue dysfunction have been reported\[[@B25]\], together with the observation that several MMPs could be involved in these adverse events\[[@B26]\].

In the present work, we focused our attention on the *MMP-11* and its activation in conditions of insulin resistance, either *in vitro*, in 3T3-L1 mouse adipocytes, or *in vivo*, in obese mice. For the first time, in the present study, we show that *MMP-11* was upregulated both in insulin resistant cells treated with TNF-α and/or hypoxia (two elements frequently associated with obesity), and in adipose tissues from insulin-resistant obese mice, suggesting that a direct link may exist between activation of *MMP-11* and adipocyte cell dysfunction. Our data are consistent with previous observations that adipokines and hypoxia can alter the expression of MMPs. In this regard, it has been shown that TNF-α upregulated MMP-9 expression in the osteoblast-like MC3T3-E1 cell line\[[@B27]\], while in another study it was found that MMP-2 expression increased in response to hypoxia\[[@B28]\]. Furthermore, an involvement of both MMP-2 and *MMP-11* in ECM degradation and collagen accumulation, associated with adipocyte dysfunction, was reported previously\[[@B29]\]. It can be hypothesized that upregulation of *MMP-11* in insulin resistance may reflect the increase of nuclear proinflammatory transcription factor(s) whose effective role needs to be investigated.

Fibrosis is considered a new hallmark of the pathological dysfunction of WAT\[[@B25]\]. In our study, it is also interesting to note the alteration in the expression of genes related to fibrosis (*Col6*α*3* and *FSP-1*) in WAT from nutritionally induced obese mice. A link between *Col6*α*3* and *MMP-11* has been reported before\[[@B29]\]. Thus, our data in this context well support previous reports that overexpression of MMPs, *via* degradation of ECM, could be implicated in adipose tissue remodeling\[[@B25]\], and this can play a role in the pathological dysfunction of adipose tissue, which leads to insulin resistance.

Our results appear to challenge findings obtained by studying the *MMP-11* knock-in transgenic mouse\[[@B30]\], in which protection from diet-induced obesity was reported, together with a condition of enhanced glucose tolerance and insulin sensitivity due to increased IGF-I bioactivity\[[@B30]\]. The explanation for these divergent results may reside in the fact that overexpression of active *MMP-11* in the skin of the transgenic animal may not necessarily reflect the situation *in vitro*, in 3T3-L1 adipocytes and *in vivo*, in WAT from diet-induced obese mice. On the other hand, the existence of compensatory mechanisms/changes that may contribute to counteract genetic manipulation has been proposed\[[@B31]-[@B35]\].

Overall, although further studies are still necessary to clarify the role of *MMP-11* in insulin resistance, we believe our findings may contribute to shed light on the early process of adipose tissue dysfunction commonly associated with obesity and obesity-related insulin resistance.

COMMENTS
========

Background
----------

Insulin resistance is a common metabolic disorder, in which peripheral target tissues fail to respond adequately to insulin, thereby predisposing to type 2 diabetes and other dysmetabolic conditions. More recent discoveries have now strengthened the hypothesis that adipose tissue dysfunction could be the primum movens in the development of insulin resistance. Therefore, studies have been focused on exploring the molecular mechanism(s) underlying adipocyte dysfunction.

Research frontiers
------------------

Matrix metalloproteinases (MMPs) are a class of endopeptidases that contribute to the degradation of the extracellular matrix components. It has been discovered that they are involved in adipogenesis and remodelling of adipose tissue. A better understanding of the role and function of MMPs in adipose tissue will open new frontiers of investigations.

Innovations and breakthroughs
-----------------------------

For the first time, the authors demonstrate that overexpression of *MMP-11* occurs in *in vitro* and *in vivo* models of insulin resistance.

Applications
------------

This study suggests that *MMP-11* could be involved in the early stage of obesity-related insulin resistance. Thus, as a secreted serum protein, MMP-11 could serve as an early biomarker of adipose tissue dysfunction. Research in this area will lead to advancement in understanding the pathophysiology of insulin resistance, as well as advancement in drug development and therapy.

Peer-review
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The paper is straight forward, well written, and it adds novel information on the topic.
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